Abstract. The biological roles of laminin and type IV collagen in human endometrial stromal tissues were investigated by the evaluation of the expression levels in human endometrial tissues using immunohistochemistry. In addition, normal human endometrial stromal cells were cultured in vitro on laminin-or type IV collagen-coated plates and subjected to cytological analyses. Cyclic production of laminin and type IV collagen were detected and the two productions were significantly increased in late proliferative and late secretory endometrial stromal cells. Unstimulated endometrial stromal cells proliferated with specific growth structures that varied depending on the extracellular matrix component coated on the culture plates. The expression levels of integrin subunits on endometrial stromal cells were sufficiently enhanced by 8Br-cAMP treatment to mask any differences in the growth structures induced by the extracellular matrix components. 8Br-cAMP-stimulating stromal cells exhibited significant survival on laminin-coated plates, while 8Br-cAMP-deprived stromal cells, after 8Br-cAMP stimulation, showed significant survival on type IV collagen-coated plates. In conclusion, human endometrial stromal cells produce laminin and type IV collagen, and these productions are possibly regulated by ovarian estrogen and progesterone. Human endometrial stromal cells specifically bind to laminin and type IV collagen via integrins, and regulate endometrial stromal cell structures, viability and differentiation. Thus, laminin and type IV collagen may autoregulate human endometrial stromal remodeling during the menstrual cycle in an autocrine and paracrine fashion.
Introduction
Human endometrial tissues are remodeled each month. Immediately after menstruation, human endometrial cells begin to proliferate under ovarian estrogen stimulation. After ovulation, the regenerated endometrial tissue differentiates under stimulation by ovarian progesterone in addition to estrogen and becomes able to receive embryo implantation. If the endometrium does not receive an embryo, the production levels of ovarian estrogen and progesterone decrease rapidly to induce endometrial shedding, i.e. menstruation. Therefore, remodeling of the functional human endometrium must involve the cyclic production of extracellular matrix (ECM) that occupies the intercellular spaces in addition to cell regeneration and proliferation. Laminin and type IV collagen (COL-4) are well-known major components of epithelial basement membranes in the human body, and have been reported to localize in the basement membrane structure of human endometrial epithelium (1, 2) . Several studies have shown that these ECM components are produced at a high level in human deciduas (3, 4) , while laminin was reported to inhibit endometrial stromal decidualization (5, 6) . These ECM components were also reported to regulate trophoblast proliferation and differentiation during pregnancy (7) (8) (9) (10) . Furthermore, abnormal expression of these ECM components in the endometrium was reported in a patient, infertile from an unknown cause (1) .
The cyclic changes in the expression levels of laminin and COL-4 during the menstrual cycle have not yet been clarified, although these components were reported to localize in decidualized tissues (3) (4) . Cyclic remodeling of the human endometrium must be regulated by cyclic proliferation, differentiation, morphological changes and cell death during the menstrual cycle. However, the effects of laminin and COL-4 on these cyclic functional and morphological changes in the endometrium have not been thoroughly investigated. Therefore, in the present study, we investigated the production levels of laminin and COL-4 in endometrial stromal cells (ESCs) as well as the effects of these components on ESC viability and the structures of ESC colonies.
Materials and methods
Immunohistochemistry. After receiving written informed consent from participants, normal human endometrial tissues were obtained from 22 patients (aged 25-49 years) with normal menstrual cycles whose uteri were surgically removed due to cervical cancer or leiomyoma and 4 postmenopausal women (aged 51-55 years) with cervical cancer.
The tissue samples were fixed in 10% formalin solution and embedded in paraffin. Serial sections, 3 μm thick, were cut and mounted on gelatin-coated glass slides. To confirm the endometrial dating, each sample was stained with H&E. Tissues were classified into the following five menstrual stages according to the menstrual cycle from the patients' chart records and histopathological findings: mid-proliferative period (MP, within 9 days after initiation of menstruation, n=5); late proliferative period (LP; from 10 days after initiation of menstruation to ovulation, n=6); mid-secretory period [MS, postovulatory period with some decidualization (≤5%), n=5]; late secretory period (LS, endometrial tissues with a large amount of decidualization, n=6) and post-menopausal period (PM, at least 2 years after spontaneous menopause, n=4).
Immunohistochemical examinations were carried out using an avidin-biotin peroxidase complex (ABC) technique. Briefly, deparaffinized sections were washed three times with phosphate-buffered saline (PBS) for 5 min at room temperature. After microwaving, the sections were treated with 0.3% hydrogen peroxide in absolute methanol to block endogenous peroxidase activity, and washed five times with PBS at room temperature. After blocking with normal horse serum (Dako Carpinteria, CA) (1:20 dilution) for collagen IV staining or normal swine serum (Dako) (1:20 dilution) for laminin staining, the sections were incubated with mouse anti-human type IV collagen IgG (Dako) (1:300 dilution) or rabbit anti-human laminin IgG (Dako) (1:600 dilution) overnight at 4˚C, and then washed five times with PBS. Then, the sections were incubated with biotinylated horse anti-mouse IgG (Dako) (for collagen IV staining) or biotinylated swine anti-rabbit IgG (Dako) (for laminin staining) for 30 min at room temperature, followed by incubation with avidin-biotinylated horseradish peroxidase complexes (Vector Laboratories Inc., Peterborough, UK) for 60 min at room temperature. After five washes with 0.05 M Tris-buffered saline, pH 7.4, positive reactions were visualized with 0.03% hydrogen peroxide and 0.1% 3,3-diaminobenzidine-tetrahydrochloride (DAB) (Dako) in Tris buffer. After another five washes, the sections were counterstained with Mayer's hematoxylin (Nakalai, Kyoto, Japan). In order to test the specificity of the immunolabeling, negative control sections from each sample were stained by the same protocol without the first antibody. For analysis, 400 stromal cells were counted in each section and the immunoreactivity ratios (%) were calculated. Graphical data were plotted as a mean ± SD and data comparisons were analyzed using t-tests (n=4-6). Values of p≤0.05 were considered to indicate statistically significant differences.
Culture of ESCs.
We used normal human ESCs obtained from patients with non-endometriotic leiomyoma and normal menstrual cycles to study the effects of ECM components on stromal cell culture. The patients provided written informed consent for the collection of normal endometrial cells from their uteri after surgical excision. The endometrial tissue samples were cut into small fragments with scissors and incubated in medium containing 0.1% (w/v) collagenase (Wako Chemicals, Tokyo, Japan) for 30 min at 37˚C. After the removal of epithelial cells by filtration through a 40-μm nylon mesh, the remaining cells were cultured. Non-adherent cells were removed by several extensive washes. Finally, ≥98% of the residual adherent cells were found to be positive for vimentin, a stromal cell lineage-specific marker (data not shown). These cells were used for subsequent experiments. ESCs were cultured in OPTI-MEM (Gibco BRL, Gaithersburg, MD), 5% fetal calf serum (FCS, Equitech Bio Inc., Ingram, TX), penicillin (100 U/ml, Gibco BRL), streptomycin (100 μg/ml, Gibco BRL) and 17ß-estradiol (100 nM, Sigma Chemical Co., St. Louis, MO).
Cell viability assay. Viable cell numbers were assayed using a cell proliferation assay kit (XTT; Boehringer Mannheim, Mannheim, Germany). Briefly, ESCs were detached by 0.25% trypsin/1 mM EDTA (Gibco BRL) and cultured in the previously described estradiol-containing medium in 96-well culture plates (2500 cells/well). On days 1-14, 0.5 mM 8Br-cAMP (Sigma Chemical Co.) was added to the medium, and the culture medium was exchanged every 3 days. On day 14, the numbers of viable 8Br-cAMP-stimulating cells were assayed using the XTT kit. To examine the effects of 8Br-cAMP deprivation on cell viability, ESCs were cultured with 8Br-cAMP until day 10, washed with media without 8Br-cAMP on day 11 and cultured in 8Br-cAMP-free media for 3 days, before the numbers of viable cells were assayed using the XTT kit..
The effects of ECM components on the numbers of viable cells were examined by culturing ESCs on type I collagen-, type IV collagen-, fibronectin-or laminin-coated 96-well plates (all from Becton Dickinson, Franklin Lakes, NJ). Noncoated 96-well plates purchased from Nalge Nunc International (Copenhagen, Denmark) were used for negative control cultures.
All experiments were performed in triplicate. Graphical data were plotted as a mean ± SD and data comparisons were analyzed using t-tests (n=12) and/or one-way ANOVA. Values of p≤0.05 were considered to indicate statistically significant differences.
Semiquantitative flow cytometry. ESCs were detached from tissue culture dishes using 3 mM EDTA in PBS, and stained according to the following procedure. Cells (3x10 5 ) were incubated with an excess of one of the primary antibodies for 20 min at 4˚C, and then washed twice with washing buffer (PBS containing 2% FCS and 0.1% NaN 3 ). Then, the cells were reacted with FITC-conjugated goat anti-mouse IgG (H+L) (Dako) as a secondary antibody for 20 min at 4˚C, and washed twice. Finally, the cells were suspended in 200 μl of washing buffer and analyzed using a FACScalibur™ (Becton Dickinson). The primary antibodies used were: mouse antihuman CD49a monoclonal antibody (clone TS2/7, Serotec Ltd., Oxford, UK); mouse anti-human CD49b monoclonal antibody (clone 31H4, Serotec Ltd.); mouse anti-human CD49c monoclonal antibody (clone 11G5, Cymbus Biotech Ltd., Chandlers Ford, UK); mouse anti-human CD49d monoclonal antibody (clone 44H6, Cymbus Biotech Ltd.); mouse anti-human CD49e monoclonal antibody (clone SAM1, Beckman Coulter Japan, Tokyo, Japan); and mouse anti-human CD49f monoclonal antibody (clone 4F10, Cymbus Biotech Ltd.). ESCs treated with the secondary antibody alone were used as negative controls.
Results

Production of laminin and COL-4 by normal human ESCs.
Normal human endometrial tissues were analyzed for their production of laminin and COL-4 by immunohistochemistry.
Strong immunoreactivities for laminin and COL-4 were found in basement membrane-like structures in the epithelial layers. ESCs at the LP period were weakly stained while decidualized stromal cells showed strong immunoreactivity (Fig. 1) . The ratios of the laminin-positive stromal cells and COL-4-positive stromal cells were significantly increased in the LP and LS periods (Fig. 2) .
Expression of integrins on normal human ESCs.
Integrins are receptors for ECM components. Flow cytometric analyses were performed to examine whether integrin subunits were expressed on unstimulated normal human ESCs and 8Br-cAMP-stimulated ESCs (Fig.3) . Unstimulated ESCs exhibited weak expression levels of CD49a and CD49e on their cell surface. After stimulation with 8Br-cAMP, a strong decidualization-inducing reagent, ESCs exhibited increased levels of integrin subunit expression on their cell surface, with the exception of CD49d. Markedly higher expression levels of CD49a, CD49c CD49e and CD49f were found on 8Br-cAMP-stimulated ESCs.
Morphological differences of ESCs cultured on ECM component-coated plates. If the integrins on human ESCs
can bind to specific ECM components, morphological differences of cultured ESCs should be observed depending on their interactions with individual ECM components. To investigate this hypothesis, the microscopic findings for ESCs cultured on various ECM component-coated dishes were compared. In the absence of 8Br-cAMP, clear differences in the structures of ESC colonies growing on individual ECM component-coated culture plates were observed. ESCs on fibronectin-coated dishes showed a large difference in their cell colony structures compared to ESCs cultured on other ECM component-coated dishes. Specifically, scattered ESCs proliferated on fibronectin-coated dishes while clusters of ESCs proliferated on type I collagen-, type IV collagen-and laminin-coated culture dishes (Fig. 4A and B) . Although ESCs proliferated with bulges in the cell layer on type I collagen-and type IV collagen-coated dishes, the ESCs on laminin-coated dishes proliferated in a flat layer without any bulges (Fig. 4A and B) . However, 8Br-cAMP-stimulated ESCs proliferated in a similar manner on the dishes coated with each of the four ECM components, with bulges in the cell layers and clustering of the cells (Fig. 4C and D) .
Viability of ESCs cultured on individual ECM components.
8Br-cAMP is not only a strong inducer of decidualization but also an inducer of activation-induced cell death. Many previous 
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reports have shown that integrin-mediated cell adhesion affects cell viability and proliferation (11) (12) (13) (14) . Furthermore, laminin and COL-4 are highly expressed in decidualized endometrial cells (3, 4) . Therefore, we examined the effects of laminin and COL-4 on the viabilities of 8Br-cAMPstimulating ESCs and 8Br-cAMP-deprived ESCs. 8Br-cAMP-stimulating ESCs cultured on laminin-coated dishes showed significantly higher viability than 8Br-cAMPstimulating ESCs cultured on dishes coated with the other three ECM components (Fig. 5A) . However, regarding 8Br-cAMP-stimulated ESCs subsequently cultured in 8Br-cAMPfree media, the cells cultured on COL-4-coated dishes showed the highest viability among the examined cells (Fig. 5B) .
Discussion
The present study has demonstrated that specific adhesion between ECM components and ESCs can regulate the viability and proliferation mode of ESCs. We also showed that the productions of COL-4 and laminin by ESCs changed cyclically during the menstrual cycle, indicating that ovarian steroid hormones may regulate the expression levels of ECM components in ESCs. The production levels of COL-4 and laminin by decidualized ESCs were very high. Moreover, our experiments involving 8Br-cAMP-induced decidualization revealed that the viabilities of 8Br-cAMP-stimulating ESCs and 8Br-cAMP-deprived ESCs were differentially regulated by individual ECM components. Laminin was previously reported to inhibit the decidualization of human ESCs (5-6). Collectively, ovarian steroid hormones appear to regulate the proliferation, structure, differentiation and viability of ESCs by controlling their cyclic production of ECM components, similar to the autocrine/paracrine mechanisms utilized by the endocrine system.
Our immunohistochemical studies revealed that human ESCs, but not epithelial cells, were immunopositive for COL-4 and laminin. These findings suggest that, in the human endometrium, COL-4 and laminin are produced by stromal cells, but not epithelial cells, and are then transported to intercellular spaces and sub-epithelial basement membranelike structures. COL-4-positive and laminin-positive ESCs increased significantly during the LP and LS periods, while few postmenopausal stromal cells were positively stained for these two components. These results suggest that ovarian steroid hormones mainly regulate the productions of COL-4 and laminin by ESCs. Moreover, decidualized ESCs showed not only the highest positivities for COL-4 and laminin but also the strongest immunoreactivities for these components among all the tissues examined, suggesting that COL-4 and laminin may play their most important biological roles in decidualized stromal tissues.
Our flow cytometric analyses revealed that normal human ESCs expressed integrins, which act as receptors for ECM components, on their cell surface. In the cell-ECM component interaction experiments, ESCs proliferated with specific cell colony structures that varied depending on the ECM component coated on the culture dish. These results indicate that the cell surface integrins on normal ESCs act as specific functional receptors for ECM components. Notably, when ESCs were stimulated with 8Br-cAMP, the cell surface integrin expression levels increased and it became difficult to identify morphological differences among the cell colony structures on the various ECM components. The increased integrin expression levels on the 8Br-cAMP-stimulated ESCs may have enhanced cell adhesion to the ECM components and thereby masked any differences in the cell colony structures identified by microscopy.
8Br-cAMP is a very strong decidulization inducer for ESCs, and subsequently induces activation-induced cell death. Therefore, we counted the numbers of viable 8Br-cAMP-stimulating and 8Br-cAMP-deprived ESCs cultured on ECM component-coated dishes. 8Br-cAMP-stimulating ESCs exhibited higher viability on laminin-coated plates but significantly lower viability on collagen-coated plates. In contrast, 8Br-cAMP deprivation reduced the viability of 8Br-cAMP-stimulated ESCs on laminin-coated plates and significantly increased their viability on COL-4-coated plates. 8Br-cAMP is a strong inducer of decidualization (15) and laminin was reported to inhibit the decidualization induced by 8Br-cAMP (6) . Collectively, the differentiation and viability of ESCs in the LS endometrium with many decidualized cells may be autoregulated by laminin and COL-4 that are abundantly produced by ESCs in the decidua.
ESCs also express Fas antigen, a well-known death receptor, on their cell surface and the cell surface expression levels of Fas antigen are enhanced by 8Br-cAMP-stimulation (16) . Notably, Fas antigens on ESCs mediate cell survival signals but not apoptotic signals (16) . Selam et al (17) reported that Fas ligand expression can be induced by cell adhesion to ECM components such as laminin and COL-4. Therefore, the increased productions of laminin and COL-4 in decidualized tissue and LP ESCs may regulate the Fas ligand expression in ESCs and the viability of ESCs by the Fas-Fas ligand system, and enable the maintenance of stable endometrial stromal tissue structures.
In summary, ECM components cyclically produced by ESCs during the menstrual cycle appear to stabilize endometrial tissue structures and regulate various functions of ESCs. The markedly increased levels of ECM components in decidualized tissue may play important roles in embryo implantation into the decidua. Abnormal expression levels of laminin and COL-4 in the endometrium may be a cause of infertility in patients.
